A B S T R A C T Spatial and vertical distributions of aerosol radiative properties over Indian Continental Tropical Convergence Zone (CTCZ) up to 6 km altitude during the pre-monsoon and monsoon seasons of 2008 have been measured and reported for the first time. Inter-seasonal and intra-seasonal comparisons of different aerosol properties below and above the boundary layer are carried out in and among different regions of CTCZ. During pre-monsoon, aerosol layers were found to be present up to altitude as high as 6 km over the Indo-Gangetic Plains and Himalayan foothills. A large increase in absorption coefficients (by two to five times) near the Himalayan foothills and coastal India than the background values may be attributed to extensive biomass burning as supported by fire counts data. During monsoon, the aerosols were mostly confined to lower troposphere. However, absorbing aerosols were found to rebuild much faster than scattering aerosols after rains. Heating rates were very high over urban city of Bareilly peaking around 2 km during the pre-monsoon. The HR values over urban Kanpur during monsoon were comparable to Bareilly during pre-monsoon. Negligible latitudinal gradient of heating rate from the Himalayan foothill to central India was observed during both the seasons.
Introduction
Aerosols can affect the Earth's climate directly by scattering and absorbing solar and terrestrial radiation (IPCC, 2007 and references therein) and indirectly by modifying cloud properties (Twomey, 1974; Albrecht, 1989; Ackerman et al., 2000) . Understanding and quantifying these effects are critical in IG Plains because several pathways have been hypothesized to explain the possible impacts of aerosols on the regional hydrological cycle that influences the livelihood of nearly one-sixth of the world's population. However, the aerosol-hydroclimate link remains unresolved and debated (Ramanathan et al., 2001 (Ramanathan et al., , 2005 Lau et al., 2006) . For example, advancement in early monsoon precipitation has been proposed by Lau et al. (2006) due to an elevated heat pump (EHP) effect from accumulation of absorbing aerosols over the Indo-Gangetic (IG) plain and Tibetan plateau during the pre-monsoon (Mar-May) season. On the contrary, Ramanathan et al. (2005) , using an ensemble of coupled ocean atmosphere simulations from 1930 to 2000, proposed a weakening of the Indian monsoon circulation because of the reduction in sea surface temperature gradient due to large surface cooling induced by aerosols.
A 3-D distribution of aerosol optical and microphysical properties is required to address this issue. Satellites provide columnar aerosol properties in a high space-time frequency (Remer et al., 2008; Kahn et al., 2009 ), but those retrievals are very sensitive to the vertical distribution of aerosols that strongly influences the aerosol radiative forcing estimates (Ganguly et al., 2005; Chand et al., 2009) . Moreover, quantifying aerosol absorption is a challenge to the satellite retrievals (Zhu et al., 2011) . Total Ozone Monitoring Spectrometer (TOMS) absorbing aerosol index (AAI) has been used to quantify the absorbing aerosols, but its sensitivity to aerosols above the boundary layer (Mahowald and Dufresne, 2004) limits its use only to the pre-monsoon season. Launch of CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) onboard CALIPSO (Winker et al., 2004) provides an opportunity to continuously monitor aerosol vertical distribution, but it also requires vertical in situ observations for retrieval assessments. Realizing the need of in situ observations for improved aerosol characterization in this region, two major campaigns were carried out in India in recent years. Simultaneous measurements of aerosol physical, chemical and optical properties during Indian Space Research Organization-Geosphere Biosphere Program (ISRO-GBP) land campaign (Moorthy et al., 2005; Tripathi et al., 2006; Nair et al., 2007) have reduced the uncertainty in regional aerosol direct radiative forcing (Ganguly et al., 2005; Pant et al., 2006; Tripathi, 2007, 2008) . The measurement of aerosol vertical distribution up to 1.5 km in the Continental Tropical Convergence Zone (CTCZ) was carried out over Kanpur during this campaign in the winter of the year 2004 (Tripathi et al., 2005 . Vertical measurements up to 1.5 km provided useful information during winter because aerosols were confined to the boundary layer, but during summer season aerosols get convected up to higher altitudes. The Integrated Campaign of Aerosols, gases and Radiation Budget (ICARB) campaign during the pre-monsoon season of the year 2006 was initiated to address this issue, but it only covered the eastern part of the CTCZ (Bhubaneswar) Murugavel et al., 2008) while focusing mostly on the peninsular India and surrounding oceans. Babu et al. (2008) found a nearly steady BC concentration (M BC ) of 1.4 µg m −3 up to 3 km altitude and a remarkable increase in BC mass fraction (F BC ) with altitude over Bhubaneswar (see location in Fig. 1 ), while Satheesh et al. (2009) have found elevated aerosol layers between 2 and 4 km altitude above the atmospheric boundary layer. The previous two campaigns focused on the aerosol characteristics during the winter (December-February) and pre-monsoon (March-May) seasons, respectively. CTCZ campaign, results of which are presented here, focused on the aerosol distribution in the pre-monsoon and monsoon (June-September) seasons of the year 2008, covering the continental part of the more common tropical convergence zone over India. CTCZ is characterized by intense convergence and cyclonic vorticity within and above the boundary layer respectively, and organized deep moist convection sometimes referred to as the monsoon trough (CTCZ science plan, 2008). Wang et al. (2009) using an interactive aerosol-climate model showed that the presence of absorbing aerosols can perturb the moist static energy in sub-cloud layer leading to more rainfall in the premonsoon months of April and May and reduction in the rainfall during monsoon months of June, July and August over CTCZ region. Therefore, this region is of great importance to study the effect of aerosols on monsoon precipitation and therefore on regional climate. Existing measurements in the CTCZ (Fig. 1) have suggested both natural (mineral dust and marine) and anthropogenic sources (industries, vehicular exhaust, biomass/biofuel burning) of aerosols in these seasons Chinnam et al., 2006; Dey and Di Girolamo, 2010) . Columnar measurements of spectral aerosol optical depth (AOD) along with microphysical and other optical properties near the surface at the ISRO-GBP network sites fail to represent the columnar characteristics due to presence of aerosol layers aloft. For example, surface aerosol mass concentration does not increase with increase in AOD proportionately over locations as observed over Vishakhapatnam and Maldives (Niranjan et al., 2007; Corrigan et al., 2008) . Lack of adequate in situ measurements over the CTCZ region despite large space-time heterogeneity in the aerosol properties during the pre-monsoon and monsoon seasons as observed by satellite (Dey and Di Girolamo, 2010) because of mixing of natural dust aerosols transported from the Great Indian Desert in Rajasthan and the Arabian peninsula Mishra and Tripathi, 2008; 2009) and the anthropogenic aerosols emitted locally from the IG plain, transportation of aerosols along the slope of the Himalayan mountain range and the influence of active and break phases of the monsoon, emphasizes the need for more observations particularly of the aerosol vertical distribution. Such heterogeneity in aerosol distribution and a large uncertainty in emission factors of various anthropogenic and natural sources hinder climate models in reproducing the AOD distribution measured by satellites (Ganguly et al., 2009) . Even, satellites have retrieval biases due to the complex aerosol characteristics in this region (Kahn et al., 2009; Dey and Di Girolamo, 2010) . The in situ observations of aerosol microphysical properties can be valuable resources to evaluate satellite data, but they are only available from five Aerosol Robotic Network (AERONET) sites within Indian CTCZ.
The major objective of the CTCZ campaign under Indian Climate Research Program was to fill the gap in observational data by measuring the spatial and vertical gradients of various aerosol and cloud parameters within the CTCZ region ( Fig. 1) , using an airborne platform during the months of May and September (representative months of the pre-monsoon and monsoon seasons, respectively) in the year 2008. Here, we report the 3-D distributions of aerosol scattering, absorption and mass properties and their impacts on direct radiative forcing over the Indian CTCZ for the first time. The measurement sites are described in Section 2, followed by instrumentation and data analysis in Section 3, discussion of the results in Section 4, estimations of aerosol direct radiative forcing in Section 5 and major conclusions in Section 6.
Regional characteristics
The CTCZ over India has a complex topography, which varies from sea level up to 6 km. The region is composed of the Great Indian Desert in the northwest; heavily polluted IG Plains in the north-central region, Himalaya mountain range in the north and peninsular region towards south. In this study, results are discussed keeping in mind the different topographic, emission and meteorological characteristics in these five regions: (i) desert, (ii) IG Plains, (iii) Himalayan foothills, (iv) central India and (v) coastal India.
IG plain
The IG Plain stretches from Pakistan in the west to Bangladesh in the east encompassing a large fraction of northern and eastern India (Abrol et al., 2002) , but this study is confined only to the Indian part of the IG plain. This region is the major source of anthropogenic aerosols throughout the year, whereas natural dust shows seasonal peak during the pre-monsoon and monsoon seasons (Tripathi et al., 2005; , thus allows a possible mixing between anthropogenic and natural particles .
The Great Indian Desert
The Great Indian Desert covering an area of 320,000 km 2 is hot and arid with intense Aeolian activity. A detailed description of the Great Indian Desert is given in . The high intensity S-SW surface winds at a maximum strength of 25-30 km h −1 during pre-monsoon months raise a tremendous amount of dust from the loose sandy soil of the region in the order of 30-60 kg m −2 day −1 (Sikka, 1997) , which is transported eastward. This is the major source of dust aerosols from the premonsoon season through monsoon Chinnam et al., 2006) . Anthropogenic sources such as clay mines and gypsum quarries add to the aerosol source inventory in addition to the natural dust.
Himalayan foothills
The role of mountains in the Asian monsoon circulation was investigated in a simulation study by Hahn and Manabe (1975) . Lau et al. (2006) incorporated the aerosol direct radiative effects and showed that the aerosols accumulated over the slopes of Tibetan plateau and Himalayas (Gautam et al., 2009a) during the pre-monsoon season may potentially alter the monsoon circulation. Accumulation of dust, transported from arid regions in the west, was observed over Manora peak (29 • 22 N, 79 • 27 E, 2000 m AMSL) in central Himalayas during pre-monsoon (Sagar et al., 2004) . Satellite-based aerosol climatology reveals very different particle microphysical properties along the Himalayan foothills in the pre-monsoon and monsoon seasons relative to the IG Plains and Tibetan Plateau (Dey and Di Girolamo, 2010) , which was hypothesized to be the effect of mountain valley breeze transport under the influence of strong boundary layer diurnal cycle (Dumka et al., 2008) .
Coastal India
The peninsular India on the east bordering Bay of Bengal was covered during the study. Fourty-eight hour NOAA Hysplit back trajectory (Draxler and Hess, 1998; Draxler and Rolph, 2011) analysis at 2 km (Figs 2a and b) for pre-monsoon and monsoon season showed that the air masses to the coastal areas are dominantly from northwest and west respectively. Although the continental aerosols dominate during pre-monsoon, marine aerosols from the Arabian Sea, Bay of Bengal and continental aerosols from central India contribute to the aerosol loading over the region during the monsoon. Elevated layers of BC at 0.8 and 2 km were observed during ICARB campaign in March 2006 over the region . From the micro-pulse lidar (MPL) measurements of vertical profile of aerosol backscatter at Visakhapatnam (17.7 • N, 83.3 • E) (near to the present profiling region), Niranjan et al. (2007) found that aerosol layers with increased extinction and having a few kilometre thickness at the height between 1.6 and 5 km existed during the summer months 
Central India
Central India is bordered with the Great Indian Desert in the northwest, IG plain in the north and coastal India in east, west and south. Ganguly et al. (2005) , through ground-based measurements from Hyderabad to Ahmadabad in February 2004, found high spatial variability due to unequal changes in source strength or removal processes of aerosols. Presence of elevated layers was found in central India (Bangalore) during the premonsoon season by Satheesh et al. (2008) .
Synoptic meteorology
The 48 hours NOAA HYSPLIT back-trajectory plots at 2 km AMSL show strong westerly and northwesterly air mass during pre-monsoon (May 2008; Fig. 2a ) while the air mass arrives from all directions during monsoon (September 2008; Fig. 2b ) over CTCZ. The synoptic wind patterns at 850 mbar over the Indian subcontinent during pre-monsoon and monsoon are shown in Figs 2c and d (Kalnay et al., 1996) . Strong westerly to northwesterly winds are prominent during pre-monsoon and wind comes from all directions during monsoon similar to the back trajectories. Figure 2e shows the fire spots (Davies et al., 2009 ) predominantly due to biomass burning (forest fires and crop residue burning) (Venkataraman et al., 2006; Vadrevu et al., 2008; Beegum et al., 2009) in May 2008 which is apparently high as compared to September 2008 (Fig. 2f ). Therefore, during the pre-monsoon season in CTCZ, the wind carries desert dust from the Middle-East and the Great Indian Desert, biomass burning aerosols from the northwest and the anthropogenic aerosols from the IG Plains (Sagar et al., 2004; Lau et al., 2006) . These aerosols get piled up over the foothills and convected to higher altitudes due to very high temperature over the land surface (Prospero et al., 2002; Gautam et al., 2009a) . Pre-monsoon season is characterized by high temperatures (28.5 to 41.3
• C) over CTCZ (http://www.imd.gov.
in/doc/climateimp.pdf) except the Himalayan foothills where it is between 16.3 and 23.5
• C, and dry (relative humidity, RH ≤ 50%) heat wave condition over north and central India. Monsoon is characterized by seasonal rainfall all over India. The surface temperature gradually decreases with the onset of monsoon rains over the regions and the RH soars to ∼80%. The monsoon rains show high regional variability (http://www.imd.gov.in/section/hydro/srnormals/Monsoon.gif) with a normal (30 years average) of 262.8 mm over desert, 1223.1 mm over Himalayan Foothills, 1164.9 mm near the east coast of India and 993.9 mm over central India.
Measurements, instrumentation and analysis
Measurements were carried out both within (∼1 km) and above (∼3 km) the boundary layer from IG Plains to different zones during May 27-31 in the pre-monsoon and 03-15 September in the monsoon seasons. Vertical profiling up to 3 km was carried out over Kanpur, Delhi, Chandigarh and Bareilly in IG Plains, Pantnagar in Himalayan foothills, Jaipur near the Great Indian Desert, Indore in central India and Bhubaneswar in coastal India. The details of scientific flight paths are given in Table 1 . A pressurized twin turbo prop executive aircraft Super King Air B 200 from the National Remote Sensing Centre (NRSC), Hyderabad, India, was used for the study. The list of instruments deployed in the aircraft for measuring the aerosol microphysical and optical properties and their sampling frequencies are summarized in Table 2 . The sampling inlets of the instruments were protruded out from the belly of the aircraft. Scanning Mobility Particle Sizer (SMPS), Aerodynamic Particle Sizer (APS) and aethalometer were connected to a community inlet whereas Photoacoustic Soot Spectrometer (PASS) had separate sampling inlet. The inlets were mounted forward facing and were 10 cm lower and 5 cm farther from the exhausts located at the back of inlets so that the inlet air is not contaminated with the exhaust air from instruments. Maneuvering at different levels at a minimum interval of 300 m vertically and bigger diameter (>5 km) during multilevel profiling avoided the contamination of aircraft / instrument exhaust into the inlet. The working principle and error Good et al. (2010) . The details about spectro-radiometer which was also installed in the aircraft are given elsewhere (Jethva et al., 2009 ).
Instrument description

Photo acoustic soot spectrometer (PASS).
The PASS, integrated with a photomultiplier tube, measures absorption coefficient (b abs ) and scattering coefficient (b scat ) every second at 870 nm wavelength. Measured b abs is proportional to the acoustic signal from the pressure wave generated from the local rise in temperature as a result of absorption of modulated laser power by aerosols. A detailed description can be found in Arnott et al. (1999) . b scat were measured simultaneously by use of the photomultiplier tube configured in PASS to operate as a reciprocal nephelometer by measuring the scattered optical power using a cosine weighted detector. The details are given in Lewis et al. (2008) . The diffusion losses in the size range from 10 nm to 1µm were within 10% for both the measurements. b scat was corrected for background scattering which is the amount of light scattered by the windows, mirror, wall etc. and by Rayleigh scattering (Lewis et al., 2008) . The instrument was factory calibrated before the experiment. The b abs measurements have a 5% relative uncertainty, whereas the b scat measurements have a systematic relative uncertainty of 15% (Lewis et al., 2008) . The instrument was housed inside the aircraft cabin where the sample was drawn at 1 LPM through conductive tubing from the inlet to minimize losses in sampling lines by reducing the buildup of static charge (Fig. 3a) . An acoustic resister, a 6-cmlong brass tube, was placed near the instrument inlet to dampen the ambient pressure fluctuations at lower altitudes (Arnott et al., 2006) thereby reducing the noise due to turbulence. Occasionally higher temperatures up to 42
• C in the aircraft cabin during the pre-monsoon season caused laser power to fluctuate. In the subsequent analysis, b abs and b scat data with high laser power fluctuations more than 2 mW (between two consecutive points) were excluded. Running averages of 300 points were done on b abs to further reduce the noise in measurement to 10 Mm −1 . To get a better comparison, 301 point running average was done for b scat as well in all the data sets. The RH plays a vital role in both b abs and b scat measurements due to the hygroscopic growth of most atmospheric aerosols. Using a reciprocal nephelometer operating at 870 nm, Lewis et al. (2009) showed increase in b scat values beyond 74% RH for biomass smoke aerosols, whereas Fierz-Schmidauser et al. (2009) using an integrating nephelometer showed an increase in b scat values by a factor of 1.1-1.8 at 80% RH compared to dry aerosols. b abs systematically decreases beyond 70% RH due to contribution of mass transfer to the photoacoustic signal (Arnott et al., 2003) . They found that at 80% RH, b abs decreases by 8%. The RH during the pre-monsoon season was less than 40%, indicating dry aerosols whereas during the monsoon season, RH increased to 80% at lower altitudes.
3.1.2. Aethalometer. Aethalometer (model AE-21-ER; Magee Scientific, Berkeley, CA, USA) was installed inside the aircraft cabin with the sampling inlet connected to the belly of the aircraft (Fig. 3a) . Because the aircraft operated in pressurized mode, a diaphragm pump was used to aid the instrument in drawing air from the inlet without any size selective inlet. The instrument was operated at a flow rate of 5 LPM and sampling frequency of 3 min, and the data for flow rate <4.7 LPM due to pressure fluctuations were discarded. Losses due to the presence of pump were found to be within 3%, which is within the acceptable limit for analysis. No pressure correction was required even during ascend and descend of the aircraft as the setup made for measurements inside the aircraft provided surface pressure conditions. The instrument has an overall uncertainty of 10% (with a minimum of 100 ng m −3 ) for M BC (Babu and Moorthy, 2002; Tripathi et al., 2005) .
Scanning mobility particle sizer (SMPS)
. SMPS (Model 3936; TSI Inc. Shoreview, MN) measures the aerosol size distribution from 16.8 nm to 572 nm with a time base of 90 s (up scan: 60 s) and a set sample flow rate of 0.3 LPM and sheath flow rate of 3 LPM. The particles in this size range are classified based on their mobility diameter using an Electrostatic Classifier (Model 3080; TSI Inc.) with a differential mobility analyser (Model 3081; TSI Inc.) and counted using a Condensation Particle Counter (Model 3775; TSI Inc.). For the instrument to work in pressurized mode at high altitudes, an auxiliary pump, an orifice and a dead volume were used to aid in maintaining a constant flow rate even at higher altitudes and during ascend and descend (Fig. 3a) . Leak tests on the instruments were performed on ground and in-flight periodically.
The number concentration (N F ) of the instrument was converted to mass concentration (M F ), assuming the particles to be spherical with a density of 1.67 g cm −3 . This density is in the range (1.54-1.77 g cm −3 ) given by McMurry et al. (2002) for urban atmospheric aerosols of ∼0.1 and ∼0.3 µm mobility diameter. Because the flow rate of SMPS was very low, diffusional losses due to the length of the pipe may be of concern. The transport efficiency for a 20 nm particle (Baron and Willeke, 2001 ) was found to be 88%. Thus, it can be safely assumed that the transport efficiency for bigger particles will be much higher. Impaction and interception losses, even though very little for such tiny particles, also occurred due to the position of pump and orifice before the instrument inlet in the aircraft during flow control. The particle losses were duly accounted by estimating the losses under artificial vacuum conditions created in the laboratory. A chamber with low pressure (up to 600 mbars) was maintained and the instrument sampling inlet was kept inside it. The losses in sampling were estimated by comparing the number concentrations at atmospheric versus low-pressure conditions for each particle size bin.
Aerodynamic particle sizer (APS)
. APS (3321; TSI Inc.) measures the aerosol size distribution from 0.542 to 20 µm aerodynamic diameter, using the time of flight particle sizing technology in which the acceleration of aerosol particles are measured in response to the accelerated flow of the sample aerosols through a nozzle. The frequency of measurement was set as 20 s. The sampling was carried out through teflon tubing from the inlet. The flow rate of the instrument was set as 5 LPM with a sample flow rate of 1 LPM and a sheath flow of 4 LPM. The number distribution obtained from APS was later converted to mass concentration using a density of 1 g cm −3 as the measurement carried out was aerodynamic diameter. The accuracy in the measurement is ±10% of the reading plus variation from counting statistics (Model 3320, APS instruction manual). No correction for pressure was applied to the measured data as the instrument automatically corrects the data between 400 and 1030 mbar, which cover the measurement pressure range.
Analysis
SMPS and APS distributions were merged to obtain the number distribution of the aerosols in the size range from 0.0168 to 20 µm. Mobility diameter from SMPS, which was converted to aerodynamic diameter using the following equation with the help of DataMerge software module (Model 390069; TSI Inc.):
where ρ p is the particle density, ρ o the reference density 1 g cm
and χ is the dynamic shape factor. m and a denote mobility and aerodynamic diameters, respectively. C(d) is the slip correction:
where λ = mean free path = 66.5 nm and D p is the particle diameter.
Because APS gives the size distribution every 20 s and SMPS in 90 s, APS data were averaged to merge with the SMPS data for the same time period to merge the size distribution for different time periods.
Heating rate (HR) calculations
Vertical and spatial measurements of b scat , b abs , SSA, total mass concentration (M T ) and M BC were carried out covering all the regions of CTCZ. M T and M BC were measured only during the monsoon experiment. Vertical measurements over key stations such as Kanpur, Pantnagar and Bhubaneswar, etc. covered up to 3 km altitude during pre-monsoon and monsoon except over Kanpur where it was up to 6 km during monsoon. For the locations with vertical measurements, aerosol direct radiative forcing (DRF) in the short wave (0.25-4 µm) was estimated using SB-DART (Santa Barbara DISORT Atmospheric Radiative Transfer; Ricchiazzi et al., 1998) , a plane-parallel radiative transfer model, and then HR was calculated. For the calculation of DRF and consequently HR, optical properties such as b ext , SSA and asymmetry parameter (g) were required spectrally in the shortwave region. b ext and SSA were measured at 870 nm only due to instrument constraints. A user-defined model was, therefore, developed using optical properties of aerosol and clouds (OPAC; Hess et al., 1998) for each location at all measured altitudes by varying the number density of different aerosol components which are dominant in the location to retrieve the aerosol properties required as input to SBDART. The user-defined models at each altitude for different locations were constrained such that the following conditions are satisfied: (i) The modelled and observed parameters agree within ±5% tolerance for optical properties (b ext and SSA at 870 nm) and ±10% for mass properties. (ii) The quantity, σ , obtained from the columnar AOD from OPAC and the columnar AOD spectrally at ≥4 wavelengths from AERONET/MODIS is less than 0.04 considering the retrieval error of observed AOD. σ is defined as
When the above conditions were satisfied, the optical properties such as b ext , SSA and g were retrieved spectrally at RH close to ambient RH.
The columnar AOD from AERONET/MODIS were used to calculate the AOD above the measured top altitude (hereafter, referred as top altitude). This AOD above the top altitude was again constrained using OPAC by optimizing the transported mineral dust density at altitudes seen from CALIPSO images and extrapolating the number density of aerosols at top altitudes ∼3 to 20 km. The AOD was retrieved at all wavelengths from 0.25 to 4 µm. The columnar AOD from OPAC was, then, a sum of extinction optical depth up to the top altitude and above that.
During monsoon, the hygroscopic property affect the optical properties and hence, the radiative forcing to a great extent. To account for this effect, the aerosol properties were retrieved from OPAC at realistic RH at each altitude. In addition to the optical properties, other inputs such as columnar ozone, columnar water vapour and surface albedo are required as inputs to SBDART. Standard atmospheric profiles of temperature and pressure for tropical atmosphere were used to perform radiative forcing calculations. Columnar ozone data were obtained from Total Ozone Mapping Spectrometer (TOMS) and water vapour data were obtained from Atmospheric Infrared Sounder (AIRS). Surface reflectance data were taken from MODIS at seven wavelength bands centred at 0.470, 0.555, 0.648, 0.858, 1.24, 1.64 and 2.13 µm. Optical properties such as SSA, AOD, g along with other surface properties, atmospheric properties, etc. were incorporated in SBDART to obtain DRF. SBDART utilized these data to calculate net RF for a user-defined spectral range (0.25 to 4.0 µm) at different solar zenith angles (SZA) (with a resolution of 10
• ) at different altitude levels. The diurnal averaged forcing ( F TOA/S ) are calculated by
where µ 0 is the cosine of SZA .
SBDART provides values of TOA forcing (with and without aerosol) along with surface forcing (with and without aerosol) and flux in and flux out at each altitude level. These values have been used to calculate net RF for the particular layer at different SZA. The forcing values at different SZA are averaged to calculate total diurnal forcing subsequently used to calculate HR as followed in Tripathi et al. (2007) .
Results and discussions
The results of the CTCZ campaign are reported separately for the pre-monsoon and monsoon seasons. Measurements were carried out from IG Plains (Kanpur) to Himalayan foothills and coastal India during the pre-monsoon and from IG Plains (Kanpur) to Desert, Himalayan foothills, central and coastal India during the monsoon seasons. Figure 3b shows a time-series plot of different parameters during an aircraft sortie from Kanpur to Pantnagar. Overall, the real-time data from different instruments look selfconsistent. For instance, the region with high F BC corresponds to low SSA, whereas M BC peaks coincide with b abs except at 10:12 because of the difference in frequency of measurement, that is 3 min for M BC against 1 s for b abs . These lower values indicate cleaner conditions below 3.3 km in the rural areas around Kanpur, whereas SSA below 3.3 km showed the dominance of absorbing aerosols. Aerosol layers above 4 km, possibly transported dust, were seen from CALIPSO on the day of sampling (Appendix S1). The observed columnar AOD (AOD obs ) at 870 nm wavelength up to 3.3 km was 0.11, whereas AERONET retrieved AOD (AOD AER ) at the same time in the study site at a mobile AERONET station (Mobile_N_053108E) setup for the NASA's TIGERZ campaign (http://tigerz.gsfc.nasa.gov/reports.html) was 0.22 suggesting 50% contribution to columnar AOD came from aerosols above 4 km; 37% and 15% contributions to AOD AER over Pantnagar and Bareilly respectively, came from aerosols above 3 km. The presence of aerosols layers, possibly dust, up to 6 km is evident from CALIPSO on the night of May 30 (Appendix S1).
Aerosol characteristics during pre-monsoon
Coastal India to IG Plains.
The b ext (±1σ ) over Bhubaneswar (51 ± 4 Mm −1 ) was comparable to Kanpur on May 31, whereas the b abs (4.6 ± 0.6 Mm −1 ) was 33% lower than that in northern India (10 ± 5 Mm −1 ) below 2 km altitude (Fig. 4e) . The average SSA over Bhubaneswar up to 2 km was >0.9 and SSA showed a dip at 21.7
• N, 85.16
• E corresponding to a high b ext of 139 Mm −1 (Fig. 4f) . The b abs and b ext values at this region were two times higher compared to the values over Bhubaneswar below 2 km altitude. Several fire counts existed exactly over that point during sampling period as seen from MODIS. Close proximity to thermal power stations and coal fields ( Fig. 1) Higher b abs (>10 Mm −1 ) and lower SSA (∼0.9) over polluted places between Kanpur and Aligarh were seen both below and above the boundary layer signifying the effects of local pollution. Aerosols were extremely absorbing (SSA ∼ 0.7) above 2 km and scattering (SSA > 0.9) below 2 km over Kanpur. A reversal in vertical gradients of M F and b abs at 3 km altitude with higher b abs and lower M F relative to low altitude further indicates that coarse mode particles play significant role in absorption above the boundary layer over Kanpur (Figure not shown) . The b ext values over Delhi were two to three times higher than Kanpur and Lucknow at similar altitudes, which could be due to higher aerosol concentration, but the observations may be affected by high RH (70%). An elevated absorbing layer (b abs ∼ 35 Mm −1 ) with low SSA (∼0.9) is seen at 2.5 km over Aligarh with three to four times higher b abs compared to the nearby rural areas which can be taken as the background (Figs 6b and d) . Such a large variability in 3-D distribution of particle properties must be accounted in regional climate models to reduce the uncertainty of aerosol forcing. A heavy thunderstorm till 0500 h IST on 10 September over Kanpur cleaned the atmosphere by wet deposition thereby reducing the b ext and b scat values by two to four times than 4, 5 and 9 September (Fig. 6c) . During descend, b abs (∼25 Mm −1 ) shows values similar to the pre-monsoon values when RH < 50%. The b abs during ascend was not considered as the RH was >50% which can lead to underestimation of b abs . The b abs similar to pre-monsoon indicates faster build-up of absorbing aerosols compared to scattering aerosols, because scattering aerosols (e.g. sulphate) may take longer time to form and rebuild than absorbing (EC/soot) aerosols.
Figures 6e and f show the variations of optical properties of aerosols during the monsoon season from IG Plains to Himalayan foothills. Unlike the pre-monsoon season, b ext within the boundary layer was higher near the foothills than the IG Plains which could be due to higher RH (>50%) in the foothills. Because the trend was opposite to that found in pre-monsoon, the role of local emissions in the increase of b ext over foothills was ruled out.
IG Plains-the Great Indian Desert, Coastal and Central India.
Measurements were carried out from IG Plains to the Great Indian Desert on 11 September. b abs over urban cities such as Lucknow and Agra showed peaks at 3 km indicating high loading of absorbing aerosols due to local pollution. Coarse mode particles showed dominance at 3 km over Agra and Kanpur increasing the b ext aloft.
Vertical and spatial profiling of aerosol properties over central and coastal India were carried out on 14 and 15 September. b abs peaked up near Korba and Chirimiri coal fields similar to pre-monsoon season. The b ext over central and coastal India are comparable to Desert and Himalayan foothills at 3 km (Appendix S2). 
Scale heights at locations with vertical profiling
Scale heights derived from exponentially decreasing b ext profiles are expressed by the exponential equation:
where H aer is the scale height at which b ext decrease by a factor (1/e). All the data points inside the clouds and at high RH were carefully removed for the analysis. The profile for May 31 showing an elevated layer at about 2 km did not follow an exponentially decreasing/increasing profile on that day due to which scale height could not be calculated. For similar reasons, scale height was not calculated over Pantnagar and Bareilly during pre-monsoon. Exponentially decreasing b ext values with a scale height of 0.25 km were observed between 1.2 and 3.6 km in the FN over Kanpur during monsoon indicating confinement of aerosols at lower altitudes. But b ext values increased exponentially up to 1.2 km with a negative scale height of −1.42 km. In the AN, the scale height was 1.25 up to 2.4 km altitude and 3.06 km above that up to a height of 6 km indicating the spread of aerosol with height as the boundary layer is established. The scale height over Pantnagar in the AN was calculated between 1 and 3 km altitude, which came out to be 1.43 km that is similar to Kanpur in the AN. The scale heights are tabulated in Table 3 , which shows similar scale heights over IG Plains (1.25 km for Kanpur and 1.43 km for Pantnagar) after the buildup of boundary layer but this needs validation with more data. b ext profile over Bhubaneswar on 14 September yielded a scale height of 1.82 km from 1.2 to 2.8 km altitude, which is slightly higher than Himalayan foothills. Scale height for central India could not be calculated due to the presence of clouds.
3-D views of aerosol radiative properties
The 3-D distribution of aerosols in the pre-monsoon season is shown in Figs 7a and b by interpolating the measured data at 1 and 3 km altitudes. If more than one value existed at a particular point due to multiple measurements on different days, the average value was used during interpolation. Highest b ext were seen over IG Plains and Himalayan foothills, whereas central and coastal India showed lower values at 1 km. Jaipur showed relatively higher values of b ext at both altitudes due to the higher 
Aerosol heating rate
HR in an aerosol-laden atmosphere depends on optical properties of aerosols and their vertical distribution, solar zenith angle, surface albedo and atmospheric conditions (e.g. clear or cloudy).
The results of diurnal HR in clear sky for pre-monsoon and monsoon season were calculated and discussed as under.
Pre-monsoon season
IG Plains has the highest loading in the pre-monsoon season contributed by local anthropogenic aerosols and transported mineral aerosols . Kanpur (IG Plains) shows higher HR at different levels compared to other locations for both pre-monsoon and monsoon seasons (Figs 8a and b) . During the pre-monsoon season over Kanpur, the peak HR of 0.8 K day −1 was observed at 2.1 km, which coincides with the peak in b abs . The diurnal top of the atmosphere (TOA) and . In this study, the TOA and surface forcing are estimated by giving the vertical profiles of aerosols as input. It should be noted that these vertical profiles do not affect the TOA and surface forcing (Ramachandran and Kedia, 2010 A peak with such a higher HR can lead to boundary layer inversion thus, inhibiting the vertical transport of aerosols . The TOA and surface forcing over Bareilly were −27.6 and −80.57 Wm −2 . Absorbing aerosols, therefore, highly governs the HR profile of Kanpur as also seen in Tripathi et al. (2007) and Li et al. (2007) . Gautam et al. (2010) using satellite (CALIPSO, CERES) and ground-based (AERONET) observations and 1-D delta-four-stream radiative transfer program estimated the radiative HR for the aerosol laden atmosphere during the pre-monsoon season for a period of 2 years. The daily average HR over IG Plains peaked around 3 km to a value near 2 K day −1 . The spatial difference might have led to the observed difference in HR. The profiles look similar even though Gautam et al. (2010) showed the average of entire IG Plains. Kuhlmann and Quaas (2010) used only satellite (CALIPSO) observations and calculated the HR during pre-monsoon seasons for three consecutive years (2006) (2007) (2008) . The peaks in HR in their study lied between 2 and 3 km over Gangetic plains but the peak value was around 0.35 K day −1 . The use of in situ data to calculate the optical properties could have led to high diurnally averaged HR than those given Kuhlmann and Quaas (2010) whereas lesser than in Gautam et al. (2010) as their computations were on few years data against few days in this study, thus justifies the need for in situ measurements to constrain the OPAC model. HR over the Himalayan foothills followed the b abs profiles. The maximum value of HR at Pantnagar was 0.64 K day Bhubaneswar during the pre-monsoon season, when high proportion of absorbing aerosols contributed by fire counts reduce the SSA to < 0.95, the HR profile closely followed the b abs profile with peak HR value of 0.8 K day Peaks in HR occurred at about 1.5 km in Pantnagar, ∼2.1 km in Kanpur, ∼2.1 km in Bareilly and 2.5 km in Bhubaneswar even though the absolute value at peaks over Bareilly is >2.5 times higher than other locations studied. No latitudinal gradient is seen in terms of HR up to 3 km during the pre-monsoon season.
Monsoon season
During monsoon, due to the presence of clouds, spectral AOD was not available for all the locations where vertical profiling was available. The spectral AOD from AERONET/MODIS was available for only two locations-Kanpur and Pantnagar where the sky was clear over the AERONET site on the day of experiment. The HR profiles over only these two locations are discussed in this section.
Kanpur is the only location in the IG basin where HR profile is available for the pre-monsoon season to study the inter-seasonal variation in HR. During the monsoon season, the vertical profiling was carried out over Kanpur city unlike in pre-monsoon season. It was found that the HR values showed a peak around 1.8 km coinciding with the peak in b abs values. These values were higher than the pre-monsoon values when compared altitudewise. There are three reasons behind this. First, the locations were spatially apart, the pre-monsoon profiling was carried out over a rural agricultural area whereas the monsoon profiling was carried out over urban area. Secondly, the quick buildup of aerosols after the rain brings the aerosol loading similar to the pre-monsoon season. Thirdly, the aerosol loading over urban Kanpur is comparable to that of Bareilly. Thus, the HR values over Kanpur in the monsoon are slightly less than Bareilly, while the TOA and surface forcings being comparable.
Over the Himalayan foothills, in Pantnagar, the HR profile closely followed the b ext profile and also the values were lesser than Kanpur for the seasons. Although b abs showed a peak at 1.8 km in the monsoon, the SSA was above 0.95 showing the dominance of scattering aerosols.
Implications to regional climate
Aerosols absorb direct and reflected solar radiation thereby reducing the radiation reaching the Earth's surface (Ramanathan et al., 2001 ) known as surface dimming. This surface dimming, which is evident from the large negative surface forcings over entire CTCZ region particularly over urban locations such as Bareilly, can lead to reduction in surface evaporation by decreasing either or both of latent heat flux and sensible heat flux. The high diurnal HR values up to 3 km as seen over CTCZ will increase the stability of lower troposphere thus inhibiting the convection process. This positive feedback will allow more build up of aerosols and adversely affect air quality and hydrological cycle.
Summary and conclusions
CTCZ experiment is the first attempt to get the 3-D variability of optical and physical properties of aerosols over the Indian CTCZ region during the pre-monsoon and monsoon seasons. HR over the entire CTCZ region were calculated from real-time b abs , b scat and M T profiles at different levels that reduces the uncertainty as compared to any previous estimates (e.g. Tripathi et al., 2007) . The following major conclusions are drawn from the results.
1. Higher aerosol loading over IG Plains and Himalayan foothills against cleaner conditions in central and coastal India was seen during pre-monsoon season.
2. Highly absorbing aerosols corresponding to SSA < 0.9 and persistent elevated layers were found over IG Plains and Himalayan foothills where more than 50% of AOD were contributed from aerosols, mostly dust, above 4 km, whereas relatively cleaner conditions existed over coastal India during the pre-monsoon. The b abs over coastal India were a third of that observed in IG Plains and Himalayan foothills.
3. The absorbing aerosols rebuild faster in the atmosphere after the washout of aerosols by rain compared to scattering aerosols. Elevated aerosol layers were evident during the monsoon as well.
4. The diurnal HR values were higher in urban regions of IG Plains at all altitudes in CTCZ during both the seasons. IG Plains showed higher HR than other regions of CTCZ with the peak value as high as 2.5 K day −1 . Appendix S2. Aerosol characteristics during monsoon Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
